Introduction: Although persons with one first-degree relative with aneurysmal subarachnoid haemorrhage have an increased risk of aneurysm formation and aneurysmal subarachnoid haemorrhage, screening them for unruptured intracranial aneurysms was not beneficial in a modelling study from the 1990s. New data on the risk of aneurysmal subarachnoid haemorrhage in these persons and improved treatment techniques call for reassessment of the costeffectiveness of screening. Patients and methods: We used a cost-effectiveness analysis using a Markov model and Monte Carlo simulation comparing screening and preventive aneurysm treatment with no screening in persons with one first-degree relative with aneurysmal subarachnoid haemorrhage. We analyzed the impact on quality-adjusted life years, costs and net health benefit of single screening (at varying screening age) and serial screening (with varying screening age and intervals) using a cost-effectiveness threshold of E20,000/quality-adjusted life year. Results: In 17 of the 24 strategies assessed, additional costs for screening for unruptured intracranial aneurysm were <E20,000 per quality-adjusted life year gained. The strategy with highest net health benefit was screening at age 40 and 55. Screening every five years from age 20 to 70 yielded the highest health benefits at the highest additional costs. Discussion: Based on current risks of aneurysmal subarachnoid haemorrhage and complications of preventive treatment, several strategies to screen for unruptured intracranial aneurysm in persons with one first-degree relative with aneurysmal subarachnoid haemorrhage are cost effective compared with no screening, when applying a cost-effectiveness threshold of E20,000/quality-adjusted life year. Conclusion: We recommend discussing with persons at risk the option of screening twice, at age 40 and 55, which will result overall in substantial health benefits at acceptable additional costs.
Introduction
Despite improvement in treatment over the last decades, subarachnoid haemorrhage from a ruptured aneurysm (aneurysmal subarachnoid haemorrhage (aSAH)) still has a high case fatality and morbidity. 1 Because of the relatively young age of onset and poor outcome, aSAH causes a significant loss of productive life years in the general population. 2 Non-invasive screening for unruptured intracranial aneurysms (UIA) with magnetic resonance angiography (MRA) enables early detection and preventive treatment of UIA, and thereby preventing future aSAH. However, screening is expensive and has negative effects on quality of life, 3 and preventive aneurysm occlusion carries a risk of complications. 4, 5 To overcome the downsides of screening, it should be targeted to groups of people at increased risk.
Around 3% of the population has a first-degree relative (FDR) with an aSAH, and these persons are at increased risk of having an UIA and an increased lifetime risk of aSAH compared to the general population. [6] [7] [8] Screening is cost effective in persons with two or more affected FDR. 9, 10 In contrast, for persons with only one affected FDR, a modelling study from the 1990s showed that although a single MRA screening for UIA increased life expectancy slightly, this increase was at the cost of reduced life years in good health and thus screening in this population was not expected to be effective. 7 Since that study, new data have shown that persons with one affected FDR have a higher risk of aSAH than assumed in the modelling study 6 and remain at risk in the first 15 years after a negative screening. 8 Also, endovascular techniques for UIA occlusion have become available, and complication rates have decreased over time, both for surgical and endovascular treatment. 4, 5 These new data call for reassessment of screening for and preventive treatment of UIA in persons with one FDR with aSAH.
Methods

Markov model
We used a Markov decision-analytic model with Monte Carlo simulation to assess the overall benefits of screening by analysing the health outcomes and costs of screening for UIA compared to no screening in persons with one affected FDR with an aSAH. 11 The model was built using TreeAge Pro software (version 2015, TreeAge software, Williamstown, MA) and was adapted from a previously published model on the cost-effectiveness of screening persons with two affected FDR with aSAH. 9 All hypothetical persons enter the model at age 15 in the state 'healthy without UIA' and each time cycle reflects one year of life. Figure 1 and supplementary Figure I (all supplementary material is available online with this article, eso.sagepub.com) show a simplified version of the model. Patients can become disabled or die because of aSAH or of complications of preventive UIA treatment. Patients may also die of other causes, based on age-specific mortality rates in the general Dutch population (http://statline.cbs.nl). Disabled persons are assumed to become nursing home dependent or to be discharged to a rehabilitation centre. Recovery from being disabled to healthy is possible only in the first year after becoming disabled.
Health outcomes and costs were recorded in the simulation until all persons had died.
Screening was assessed based on MRA to detect UIA. In case of UIA, preventive treatment with clipping or coiling was simulated for UIA >5 mm. Patients with smaller UIA entered the state 'healthy with small known UIA'. We considered 58% of all de novo UIA too small (i.e. < 5 mm) for treatment. 7, 12 These small UIA have an annual risk of rupture of 0.5-1% (considering that UIA in patients with a positive family history have a higher rupture risk than UIA in patients without such a history) 13, 14 and a risk of growth of 3.3% per year. 14, 15 These small UIA were followed up with MRA every year for the first two years and every two years thereafter. UIA that then enlarged were always treated. Large UIA have a risk of rupture of 1-2% per year, again taking into account the higher rupture risk in familial UIA. 14, 16 Screening strategies Costs and health outcomes were assessed for 24 different screening strategies varying in age of starting and stopping the screening and in screening interval. We analysed strategies with a single screening (at 30, 35, 40, 45, 50 or 55 years old) and with serial screening with varying screening age (starting screening at 20, 30 or 40 years old, ending screening at 60 or 70 years old) and varying screening intervals (5 -, 10 -and 15-year interval). The minimum screening interval was set to five years.
Transition probabilities
We assigned transition probabilities using data available from literature. Distributions and ranges were defined for each model input parameter to reflect parameter uncertainty (Table 1 ; for table including references see supplementary Table I ).
Development, growth and rupture of UIA. Evidence on the rate of UIA development and rupture for the population with one affected FDR is limited. Therefore, we calibrated the probability of UIA formation and rupture risk in our model to ensure that UIA prevalence and aSAH incidence as estimated from the model were similar to those reported in literature.
The calibration resulted in a probability of 0.165% per year for UIA development and 1-2% per year for UIA rupture. In the natural history scenario of our Markov model, this resulted in a lifetime risk of approximately 10% of developing an UIA, and a 3% lifetime risk of aSAH, which is similar to the risk found in Dutch and Swedish studies. 6, 17 Details on the calibration procedure and the evidence used for development, growth and rupture of UIA are provided in the supplementary material.
Costs. Costs were derived from the Dutch manual for costing, 18 local data of Utrecht University Medical Centre and literature 19 (Table 1 ). Costs of screening included MRA and outpatient consultation with a neurologist and specialised nurse. Costs for treatment of UIA included hospitalisation, follow-up in the outpatient clinic and imaging. All costs were updated using Dutch consumer price indices (http://statline. cbs.nl).
Utilities. Health-related quality of life values (utilities)
were assigned to all health states and quality-adjusted life years (QALYs) were used to estimate health outcomes. Death was given a utility value of 0. We used data on quality of life in aSAH survivors and persons screened for UIA from the literature. 3, 20, 21 Utilities are temporarily higher after a negative screening for UIA and lower after a positive screening, 3 which includes screening with false-positive results (see also supplementary data). Persons who returned to a healthy state after aSAH or a complication from preventive treatment and persons who returned home after recovery in a nursing home or rehabilitation centre all had a reduced utility for the rest of their lives. 21 Discount rates of 4% for costs and 1.5% for effects were applied according to Dutch guidelines. 18 An overview of the assumptions underlying our analysis is provided in the supplementary material.
Cost-effectiveness analysis. To estimate the cost-effectiveness of screening we calculated the difference in QALYs and costs, and the incremental cost-effectiveness ratio for all screening strategies compared to no screening. A cost-effectiveness threshold of E20,000 per QALY gained was applied. 22 In the Netherlands health policy makers consider a range of cost-effectiveness thresholds from E20,000 to E80,000 per QALY depending on context (i.e. type of technology, severity of disease, budget impact, etc.). Therefore, E20,000 per QALY can be used as a save, or conservative, estimate of this threshold: interventions with cost-effectiveness below this lower threshold will certainly be viewed as having favourable cost-effectiveness. As several strategies resulted in very small QALY differences, we also calculated the net health benefit (NHB) (difference in QALYs minus the difference in costs divided by the cost-effectiveness threshold). A positive NHB indicates that screening is cost effective, and the strategy with the highest NHB would be optimal.
To visualise the potential effect of screening on the number of UIA and episodes of aSAH during life we also simulated a single cohort of 10,000 patients and analysed the individual outcomes in this cohort, for three different screening strategies.
Sensitivity analysis. To assess the combined uncertainty embedded in all probabilities and utility values, we performed probabilistic sensitivity analyses with Monte Carlo simulation, using 1000 hypothetical cohorts of 5000 persons each. We determined the probability of each screening strategy being cost effective compared to no screening, and determined the optimal screening strategy when all strategies are compared for a range of cost-effectiveness threshold values. Results were visualised in a bar plot instead of cost-effectiveness acceptability curve to accommodate all 24 strategies and in a cost-effectiveness acceptability frontier. Finally, we performed a value of information analysis, investigating the value of collecting additional data, using the online Sheffield Accelerated Value of Information (SAVI) tool. 23 We first estimated the expected value of perfect information (EVPI), that is the value from improved decision making when all uncertainty would be resolved. The total population EVPI was calculated based on a conservative estimate of number of two new relatives eligible for screening following each new aSAH ($1500 episodes annually in the Netherlands 24 ), leading to a target population of 3000 persons per year. We also estimated the expected value of partial perfect information (EVPPI), that is the value of resolving all uncertainty in a single, or group of, model parameter(s). Results were visualised in a bar plot.
Results
Screening for UIA in persons with one affected FDR with aSAH was expected to be cost effective (<E20.000/QALY compared to no screening) for 17 of the 24 strategies analysed ( Table 2 and supplementary Figure II) .
All screening strategies improved health outcomes but were also more expensive than no screening. More frequent screening and screening over longer age ranges increased health benefits and costs.
Our simulation cohort with 10,000 persons on the effectiveness of screening in terms of untreated UIA and aSAH incidence showed that the impact of screening on lowering the number of UIA becomes apparent around the age of 30 (Figure 2) . Table 2 indicates that screening every five years from age 20 to 70 yielded the highest health benefits at the highest additional cost (0.084 QALY for þE 2063, per screened person). Single screening strategies all yielded very small health benefits at relatively low costs. For a cost-effectiveness threshold of E20,000 per QALY the strategy with the highest NHB was screening every 15 years starting at age 40 and stopping at age 60, which translates to screening at age 40 and 55.
The probability that any of the 24 screening strategies is cost effective compared to no screening is shown in supplementary Figure III. Here it is apparent that although 17 out of 24 strategies are expected to be cost effective, this cannot be established with certainty due to uncertainty in model outcomes, and since most strategies have relatively low probability of being cost effective for a cost-effectiveness threshold of E20,000 per QALY. Conversely, for a cost-effectiveness threshold of E100,000 per QALY multiple screening strategies with five-year frequency strategies have around 70% chance of being cost effective.
When all screening strategies are compared, with no screening and with each other, a cost-effectiveness acceptability frontier also shows that screening once (at age 55) or twice (at age 40 and 55) is expected to be best, in terms of NHB, for low cost-effectiveness threshold values (< E20,000 per QALY), whereas the most extensive screening strategy (from age 20 to 70 every five years) is expected to be best for high cost-effectiveness threshold values (> E45,000 per QALY) (supplementary Figure IV) . For threshold values in between, screening from age 40 to 70 every 10 years, or from age 30 to 70 every five years is expected to be best. However, the probabilities that these strategies are cost effective, compared to each other, is quite low (<15% for threshold values >E7500). Conversely, the probabilities that they are cost effective compared to no screening is much higher higher.
The value of information analysis indicated that the per person EVPI was equal to E1892 for a 10year decision horizon. Annual inclusion of 3000 individuals in the screening programme amounts to a population EVPI value of 56.8 million Euros (or, equivalently, 2,838 QALYs, for a cost-effectiveness threshold of E20,000 per QALY) in the Netherlands. Further analysis of uncertainty in individual model parameters and groups of parameters revealed that, of all parameters in the model, collecting additional information on the parameter ''risk of aneurysm rupture'' would be most valuable (EVPPI E211 per person) (supplementary Figure V) . When assessing groups of parameters, collecting additional data on all parameters related to treatment complications appears most valuable (EVPPI E331 per person). However, collecting additional data on aneurysm development and rupture, consequences of aSAH, MRA accuracy and treatment options would all be valuable according to this value of information analysis. Change in lifetime aSAH risk, incremental health benefits (in QALYs) and costs (in E) concern the difference for screening strategies compared to no screening. Costs and effects are based on a discount rate of 4% for costs and 1.5% for effects. The NHB is based on a cost-effectiveness threshold of E20,000 per QALY.
Discussion
Our cost-effectiveness analysis shows that several screening strategies for UIA are expected to be cost effective in persons with one affected FDR with aSAH. Depending on the cost-effectiveness threshold applied, screening once, twice or even up to 11 times between age 20 and 70 years may be optimal. Although current evidence shows that several screening strategies are likely to be cost effective compared to no screening, it does not yet allow us to conclude with certainty which screening strategy is the best. This is exemplified by our value of information analysis which suggests that collecting additional data on aneurysm development and rupture, consequences of aSAH, MRA accuracy and treatment options is valuable to support the decision on screening for UIA in this population.
The conclusion from our current cost-effectiveness analysis contrasts with the recommendation based on our previous modelling study. Our previous modelling study concluded that implementation of screening for persons with one affected FDR was not warranted. 7 There are several reasons why the conclusions have changed. Catheter angiography is no longer needed for accurate diagnosis and thus complications of diagnostic catheter angiography were no longer considered. Also, the risk of complications from preventive treatment has decreased over time. 4, 5, 25 Moreover, previously it was assumed that the risk of aSAH after screening and successful preventive treatment was negligible. Studies performed after our modelling studies in the 1990s showed that, first, patients who have survived an episode of aSAH are at increased risk of new episodes of aSAH, 26 second, patients with a positive family history for SAH have a substantial risk of developing aneurysm after one or more negative screens, 27 third, persons with one FDR with aSAH with a single negative screening for UIA still are at risk of an aSAH in the initial 15 years after the negative screen. 8 All these data explain why the results of the current study differ from that of 25 years ago.
Our study has several limitations. First, limited data are available on UIA formation, growth and rupture for the population of persons with one affected FDR with aSAH and we had to make assumptions for these probabilities. However, the chances of finding an aneurysm in this population, 7 the risk of aSAH 6, 28 and to a lesser extent the risk of aSAH after a negative screen in this population 8 are well known, and outcomes of our model match these observational data. Second, we were not able to incorporate important predictors for rupture risk including aneurysm characteristics as size and location and patient characteristics as smoking and hypertension. 13 Thus, we cannot conclude whether screening is more or less Less intensive screening programmes have much larger impact per screening moment on untreated UIA prevalence and can be highly effective in aSAH prevention when screening is performed shortly before the peak incidence of aSAH at age 50 (c). As panels (a) to (c) reflect analyses of three separate cohorts, the number of untreated UIAs and aSAHs in natural history as a function of age is similar but not identical, due to random variation. aSAH: aneurysmal subarachnoid haemorrhage; UIA: unruptured intracranial aneurysms. effective according to presence or absence of these risk factors. Third, although we used all available data on quality of life of persons with UIA, 3, 20, 21, 29 there is lack of data on improvement of quality of life by reassurance from a negative screen for persons with one affected FDR with aSAH. More data on these factors will allow more accurate and more individually tailored advice on screening but will not alter the main conclusions of our study. A fourth limitation is that we did not take into account the costs and complication risk of retreatment after preventive coiling needed by reopening of the aneurysm. However, because this retreatment concerns only 10% of patients, 30 and complication risk of retreatment is very small, 31 this will not have influenced our results to a large extent. In addition, we did not incorporate new treatment modalities such as balloon-assisted coiling or the use of other new devices. 32 Fifth, as healthcare facilities differ over countries and over different hospitals, a specialised nurse for aneurysm care may not be present in every clinical setting. Costs of screening might therefore be slightly inflated in clinical settings not supported by such a specialised nurse. Last, as we could not account for uncertainty in cost estimates, due to lack of evidence, the uncertainty in cost differences may be underestimated in our results.
We used a cost-effectiveness threshold of E20,000 but other countries use different thresholds or refuse to determine a threshold because of ethical considerations. 33 The probabilities and especially costs are based on Dutch numbers and it is known that costs for treatment may vary substantially between countries. 2, 19, 34 Therefore, interpretation of the presented NHB results is complex and has to be adapted to the distinct perspectives of different countries. Furthermore, in a cost-effectiveness analysis the health effects and costs of considered strategies are not directly related to the feasibility of their implementation. Although high frequency screening strategies are expected to be optimal for cost-effectiveness threshold values exceeding E20,000 per QALY, these may not be easy to implement, given the number of required MRAs. Clinical trials would be the best method to assess effectiveness of screening but the low aSAH incidence in this population and thus large number of FDRs and the extensive follow-up time needed make a randomised trial unfeasible. Moreover, many of the FDRs that have seen the impact of aSAH within their family wish to have preventive screening and treatment, making randomisation difficult if not impossible. In such circumstances, simulation models are an appropriate alternative. 35 Thus, the current data are the best available data to base recommendation upon regarding screening and preventive treatment of aneurysms to prevent aSAH with its inherent high case fatality and morbidity. 1 Given that several screening strategies are likely, but not certain, to be cost effective compared to no screening further studies may focus collecting additional data for more precise estimates of probabilities and risks, and on identifying the most optimal screening strategy. Our results indicate that additional data can be valuable, in particular on the risk of treatment complications, aneurysm development, growth and rupture.
For clinical practice, our results suggest that for persons with one affected FDR with SAH screening twice, at age 40 and 55, should be considered. It should be discussed with such persons that this is the most optimal screening strategy resulting in substantial health benefits at acceptable additional costs based on the current data. The uncertainties revealed by our studies can be included in this patient encounter. For policy makers our study provides data on which screening strategies should be accepted. Serial screening yielded the highest health benefits; however, frequent serial screening also had the highest additional costs and will only be cost effective for high cost-effectiveness threshold value.
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